Introduction
Volatile organic compounds (VOCs), predominantly trichloroethylene (TCE) and its degradation products cis-1,2-dichloroethylene (DCE) and vinyl chloride (VC), are the primary contaminants of concern detected in ground water in the fractured-rock aquifer at the Naval Air Warfare Center (NAWC), West Trenton, N.J. (International Technology Corporation, 1994) (fig. 1 ). In June 1997, the highest concentrations of TCE, DCE, and VC detected in wells at the NAWC were 88, 52, and 21 mg/L, respectively (Lacombe, 2000) . A pump-and-treat system consisting of six recovery wells and an air-stripping treatment system has been operating at the NAWC since 1998. The U.S. Geological Survey (USGS), in cooperation with the U.S. Department of the Navy, conducted an 11-year, multiphase hydrogeologic investigation of the NAWC. In earlier phases of the investigation, Lacombe (2000 Lacombe ( , 2002 determined the hydrogeologic framework, and Lewis-Brown and Rice (2002) developed a digital model to simulate, and evaluate the effects of various recovery-well networks on, ground-water flow at the NAWC.
The purpose of the current phase of the investigation was to (1) estimate values of hydraulic and solute-transport properties of the fractured-rock aquifer, (2) estimate the velocity and travel time of contaminated ground water if the existing pumpand-treat system at the NAWC were replaced by a non-pumping remediation technique, and (3) evaluate the effect on flow paths of contaminated ground water of a change in the configuration of the network of recovery wells in the pump-and-treat system.
Values of transmissivity, storage coefficient, effective porosity, longitudinal dispersivity, and average linear velocity presented in this report can be used to investigate the feasibility of alternative, non-pumping remediation techniques at the NAWC. These values also can be used in investigations conducted at the NAWC as part of the USGS Toxic Substances Hydrology Program (TSHP) to identify the geochemical and microbiological processes that affect migration and natural attenuation of chlorinated solvents in fractured sedimentary rocks. These processes are being studied as part of the TSHP's overall initiative to provide objective and reliable scientific information needed to develop policies and practices that help avoid exposure to toxic substances, mitigate environmental deterioration from contaminants, provide cost-effective cleanup and waste-disposal strategies, and reduce risk of future contamination. 
Purpose and Scope
This report presents estimates of the hydraulic and solutetransport properties of the fractured-rock aquifer at the NAWC. The velocity and travel time of contaminated ground water under the non-pumping conditions that would exist if the existing pump-and-treat system were replaced by a non-pumping remediation technique are estimated. The effect of a change in the configuration of the network of recovery wells in the pumpand-treat system on flow paths of contaminated ground water is evaluated. The estimates of velocity and travel time and the evaluation of effects on flow paths were made using an existing ground-water-flow model and effective-porosity values determined from the results of tracer tests.
This report documents the results of five aquifer tests and three tracer tests conducted at the NAWC during the summer of 2003. The transmissivity and storage coefficient determined from each aquifer test are reported, as are the effective porosity and longitudinal dispersivity from each tracer test. These tests were conducted in five small (less than 3,000 ft 2 ) areas at the NAWC.
Hydrogeologic Framework
The hydrogeologic framework underlying the NAWC (fig. 2) is described in detail by Lacombe (2000 Lacombe ( , 2002 and is summarized here. The NAWC is underlain by about 0 to 10 ft of unconsolidated sediments that are unsaturated much of the time. Dipping layers of fractured mudstone, siltstone, and sandstone of the Lockatong and Stockton Formations are beneath the unconsolidated sediments. Lacombe (2000) SE. In rock cores collected from the fault zone, the rocks are weathered extensively and fractured, and the fractures are completely filled with clay. Dry clay as much as 60 ft thick was found in rock cores from some parts of the fault zone. Abundant clay in the fault zone and the absence of drawdown in wells on the south side of the fault when wells on the north side were pumped indicate that the fault is a boundary to ground-water flow (Lacombe, 2000) . Stockton Formation S15 Sandstone, brown, medium hard S14 Sandstone, gray-white, medium hard S13 Mudstone, red, hard, massive S12 Sandstone, gray-white S11 Mudstone, red 
Site Selection
Pairs of existing wells were chosen for inclusion in the aquifer and tracer tests by using the following criteria: (1) The wells are open to the same bedding unit. (2) The wells are hydraulically connected--that is, the water level in one well decreases when the other well is pumped. (3) The distance between the wells is great enough to allow some measurable dispersion to occur, yet small enough to allow the tracer concentration to be measurable in the withdrawal well. (4) The injection well is hydraulically able to accept water, and the withdrawal well is able to withdraw water at a rate sufficient to allow injection of a mass of tracer large enough to result in detectable concentrations at the withdrawal well. (5) The withdrawal well is connected to the pump-and-treat system so the pumped water can be treated on site, as required by the N.J. Department of Environmental Protection (NJDEP). (6) The wells are open to the specific bedding units identified by Lacombe (2000) in which the highest concentrations of VOCs at the site have been detected (bedding units L17 and L19, fig.  2 ).
Thirteen recovery wells are connected to the pump-andtreat system and were available to be used as withdrawal wells in the aquifer and tracer tests. Most of these wells are in bedding units L17 and L19. On the basis of results of an evaluation of water-level data, the hydrogeologic framework, and the proximity of potential observation and injection wells to the available recovery wells, eight wells were selected for aquifer and tracer testing (table 2). Five pairs of wells were used for aquifer testing. Recovery wells BRP2, 15BR, 16BR, and 41BR were used as withdrawal wells in the aquifer tests. When well BRP2 was pumped, drawdown data in two observation wells, 20BR and 56BR, were analyzed. For purposes of this report, these two data sets are treated as separate aquifer tests, referred to as the BRP2-20BR aquifer test and the BRP2-56BR aquifer test, respectively. Similarly, the other three aquifer tests are referred to as the 15BR-BRP3 aquifer test, the 16BR-41BR aquifer test, and the 41BR-53BR aquifer test. Three pairs of wells were used for tracer testing. Recovery wells BRP2, 15BR, and 16BR were used as withdrawal wells in the tracer tests. For purposes of this report, the test in which well BRP2 was pumped while tracer was being injected into well 20BR is referred to as the BRP2-20BR tracer test. Similarly, the other two tracer tests are referred to as the 15BR-BRP3 tracer test and the 16BR-41BR tracer test, respectively. The locations of the wells are shown in figure 3 .
Aquifer testing was planned at all five well pairs listed in table 2. Tracer testing also was planned at each of these well pairs except the BRP2-56BR pair. This well pair was included in aquifer testing because, at the time the tests were conducted, well 56BR was a potential candidate for addition to the network of wells pumped in the pump-and-treat system. This well pair was not suitable for tracer testing, however, because the distance between the wells was too great to ensure that the tracer concentrations at the withdrawal well would be measurable.
Hydraulic and Solute-Transport Properties
The transmissivity, storage coefficient, longitudinal dispersivity, and effective porosity of the fractured-rock aquifer at the NAWC were estimated from the results of aquifer tests and tracer tests. The tests were conducted in parts of the aquifer composed of the Lockatong Formation, in the two bedding units (L17 and L19) in which the highest concentrations of VOCs have been detected. 
Transmissivity and Storage Coefficient
Aquifer tests were conducted to estimate the transmissivity and storage coefficient of the fractured-rock aquifer in the area of each well pair for which subsequent tracer testing was planned. Three analytical methods were used to analyze data from each test.
Field Methods
Water levels in observation wells and withdrawal wells were recorded using down-hole pressure-transducer digital data recorders in six of the wells and float-type digital recorders in the other two wells. Generally, water levels were recorded at 5-second intervals during the first 1 to 2 hours after pumps were turned on or off and at 1-minute intervals thereafter. Selected recovery wells used in the pump-and-treat system were used as withdrawal wells in the aquifer tests, and submersible pumps previously installed in the wells for use in the pump-and-treat system were used in the aquifer tests. The pumping rates at the withdrawal wells during the aquifer tests are listed in table 3. The pumping rates were monitored using flow meters installed at each well, and flow was adjusted as needed to maintain constant rates.
To avoid the possibility of changes in stress to the groundwater-flow system caused by unexpected shutdowns of recovery wells (for example, as a result of system malfunction), it would have been beneficial to shut down all of the recovery wells except the one used as a withdrawal well in the test. This was not done, however, in order to keep the pump-and-treat system operating to the maximum extent practicable in accordance with NJDEP regulations. Consequently, pumps in some recovery wells in the pump-and-treat system continued operating during the tests, but pumps in wells less than 600 ft from and open to the same bedding unit as the aquifer-test withdrawal well were shut down at least 24 hours prior to each test and remained off during the test. Recovery wells pumped during each aquifer test are listed in table 4.
Analysis Methods
Three analytical solutions were used to analyze data from each aquifer test:
1. the Neuman (1974) solution for an aquifer test in an unconfined aquifer, 2. the Theis (1935) solution for an aquifer test in a confined aquifer, and 3. the Hantush (1962) solution for an aquifer test in a wedge-shaped confined aquifer.
All three of these methods involve matching observed drawdown data from the test to drawdown computed from analytical solutions. Matching was performed using the computer program AQTESOLV (Duffield, 2000) . Although shallow parts of the aquifer generally are considered to be unconfined and deeper parts are considered to be confined, the depth at which the transition from unconfined to confined conditions occurs is not clear (Lacombe, 2000) . Consequently, solutions for both confined and unconfined aquifers were attempted for each well pair. The Hantush solution for a wedge-shaped confined aquifer was used because the hydraulic properties of the bedding units at the NAWC are assumed to be similar to those of a wedgeshaped aquifer. In a wedge-shaped aquifer, the transmissivity decreases as the wedge becomes thinner. In the bedding units at the NAWC, the transmissivity in each bedding unit is assumed to decrease with depth below land surface because the hydraulic conductivity decreases with depth (Lewis-Brown and Rice, 2002). In well pairs in which the withdrawal well is open at a different depth than the observation well, the effect of decreasing hydraulic conductivity with depth is assumed to be similar to the effect of decreasing thickness in a wedge-shaped aquifer. 
Each of the solutions is based on assumptions and conditions regarding the aquifer, the wells, and the stress on the aquifer. These assumptions and conditions and their applicability to the tests conducted in this study are listed in table 5.
Water levels in observation wells were recorded for at least 24 hours prior to each test to determine whether ambient waterlevel trends needed to be considered in the analysis of test data. The water level in well 53BR decreased at a rate of about 0.00026 ft/min during the hour before the pump in well 41BR was turned on for the 41BR-53BR aquifer test. Although this rate is low, it is large enough to affect test results because total measured drawdown during the test was only 0.74 ft. During the 690-minute test, the decline in water level attributable to ambient conditions was 0.18 ft. Consequently, the observed water levels in well 53BR were adjusted by subtracting the ambient water-level decline from the drawdown.
The water level in well 56BR decreased at a rate of about 0.000017 ft/min during the 18-hour period before the pump was turned on in well BRP2 for the BRP2-56BR aquifer test. Although this rate is low, it is large enough to affect test results because total measured drawdown during the pumping phase of the test was only 0.60 ft. During the 1,690-minute pumping phase, the decline in water level attributable to ambient conditions was 0.029 ft. Consequently, the observed water levels in well 56BR were adjusted by subtracting the ambient waterlevel decline from the drawdown.
In the other three observation wells, water levels were stable for at least 1 hour prior to the start of the test. No adjustments were made to the drawdown data from these tests.
Some of the tests were affected by stress to ground-water flow caused by infiltration of precipitation after pumping began. During the 16BR-41BR aquifer test, precipitation began 320 minutes after the beginning of the recovery phase; therefore, no data collected after that time were used in the analysis. During the 41BR-53BR aquifer test, precipitation began 690 minutes after pumping began; therefore, no data collected after that time were used in the analysis and recovery data could not be analyzed. No precipitation occurred during the other three tests.
Estimated Values
The transmissivity and storage coefficient obtained from applying each analytical solution to each test are listed in table 6. Transmissivity ranges from 95 to 1,300 ft 2 /d and storage coefficient ranges from 9 x 10 -5 to 5 x 10 -3 . These broad ranges are caused by the heterogeneity of the fractured-rock aquifer. For most of the tests, however, the transmissivity and storage coefficients agreed reasonably well among the three analytical solutions. Because all of the aquifer tests were conducted at the NAWC, these transmissivity and storage-coefficient values cannot be assumed to be representative of the fractured-rock aquifer in other areas underlain by the Lockatong Formation. Although a value of specific yield can be derived from the Neuman (1974) solution, these specific-yield values are not listed in table 6 because the determination of specific yield from this solution is considered a dubious procedure (Van der Kamp, 1985; Kruseman and deRidder, 1990) . Values of specific yield and other parameters used in or derived from the aquifer-test analyses are presented in appendix 1. Plots of observed drawdown and drawdown computed using each of the three solutions are shown in figures 4 through 8.
The hydraulic conductivity of the fractured-rock aquifer formed by bedding units in the Lockatong Formation at the NAWC has been estimated previously from the results of slug testing individual wells and by calibration of a digital groundwater-flow model (Lewis-Brown and Rice, 2002) . These two previous estimates and the estimates made on the basis of the small-scale aquifer testing described in this report (table 7) Aquifer has an infinite areal extent. The hydrogeologic framework described by Lacombe (2000) indicates that this assumption probably is valid over the small area influenced by each test. Aquifer is homogeneous and isotropic.
The hydrogeologic framework described by Lacombe (2000) indicates that this assumption probably is valid over the small area influenced by each test. Prior to pumping, the piezometric surface is horizontal (or nearly so) over the area influenced by the test.
This assumption is valid. In the area influenced by each test, the slope of the piezometric surface was less than 1 degree prior to pumping.
The aquifer is pumped at a constant discharge rate.
In four of the tests (BRP2-20BR, BRP2-56BR, 15BR-BRP3, and 41BR-53BR tests), the pumping rate varied by less than 3 percent of the average pumping rate (total gallons pumped divided by pumping duration). This is considered a near-constant rate. In one test (16BR-41BR test), the average pumping rate was relatively low (1.33 gallons per minute). During the first 5 minutes of the test, the pumping rate varied from 0.94 to 3.00 gallons per minute. During the remainder of the test, the rate varied from 1.27 to 1.46 gallons per minute, a variability of 14 percent. Because the pumping rate was low, it was difficult to maintain it at a constant level. Although drawdown data from the later parts of each test were weighted more heavily in curve-matching than data from early parts of the tests, the 14-percent variability in the later-time pumping rate is a concern. Consequently, the level of certainty associated with this test is lower than that associated with the other aquifer tests. The withdrawal well penetrates the entire thickness of the aquifer. This assumption probably is met. The reason for this requirement is to minimize the influence of parts of the aquifer that are above or below the well opening. The aquifer consists of many thin water-bearing zones alternating with thin confining zones. It is likely that one of the thin confining zones is at or near the top and bottom of each well opening and that the full-penetration assumption is adequately met. The diameter of the withdrawal well is small so that storage in the well can be neglected.
The diameter of the open interval of the withdrawal wells is 6 inches. It is assumed that storage in the well can be neglected because of the small well diameter and because drawdown data from the later parts of each test were weighted more heavily in curve-matching than data from early parts of the tests, when well storage is more likely to affect drawdown. Flow to the well is in unsteady state; that is, the drawdown differences with time are not negligible, nor is the hydraulic gradient constant with time.
This condition was met for all tests.
Additional assumptions and conditions required for the Theis solution method for a confined aquifer
The aquifer is confined.
Whether the aquifer was unconfined or confined at each test location is unknown; therefore, solutions for both types of aquifers were attempted for each test. The aquifer is of uniform thickness over the area influenced by the test.
The hydrogeologic framework described by Lacombe (2000) indicates that this assumption probably is valid. The water removed from storage is discharged instantaneously with decline of water level.
It is assumed that this condition was met.
Additional assumptions and conditions required for the Hantush solution method for a wedge-shaped confined aquifer
(See the above explanation of the first condition pertaining to the Theis solution method.) The water removed from storage is discharged instantaneously with decline of water level.
The thickness of the aquifer varies exponentially in the direction of flow.
The effect of decreasing transmissivity with depth may mimic the effect of decreasing thickness with depth. In tests in which the withdrawal well and observation well are open to different depths, this assumption is assumed to be valid. The rate of change in aquifer thickness in the direction of flow does not exceed 0.20.
Because the transmissivity, rather than the thickness, of the aquifer decreases, it is not possible to know whether the intended effect of this assumption is met.
Additional assumptions and conditions required for the Neuman solution method for an unconfined aquifer
The aquifer is unconfined.
(See the above explanation of the first condition pertaining to the Theis solution method.) The influence of the unsaturated zone on drawdown in the aquifer is negligible.
It is assumed that this condition is met.
The ratio of specific yield to earlytime storage coefficient is greater than 10.
The diameter of the observation well is small; that is, storage in the well can be neglected.
The diameters of the open intervals of the observation wells are 4 to 6 inches. It is assumed that storage in the well can be neglected because of the small well diameters and because drawdown data from the later parts of each test were weighted more heavily in curve-matching than data from early parts of the tests, when well storage is more likely to affect drawdown. represent conditions at three different scales within the heterogeneous aquifer. Hydraulic-conductivity estimates from slug testing represent the conditions in the small area around the tested well (probably less than 100 ft 2 ). Hydraulic-conductivity estimates from the aquifer testing described in this report represent the conditions in the area of aquifer extending from the area around the withdrawal well to the area around the observation well (probably less than 1,500 ft 2 ). Hydraulic-conductivity estimates from calibration of the digital model (table 7) represent mean conditions over the extent of the NAWC (about 0.15 mi 2 ). The hydraulic-conductivity values estimated from aquifer tests, slug tests, and calibration of the digital model are consistent with each other and reflect the heterogeneous character of the aquifer. In the two instances in which the comparison can be made, the hydraulic-conductivity values estimated from aquifer testing are consistent with the values estimated from slug testing in that the conductivity value obtained from the aquifer test at a given pair of wells falls between the conductivity values obtained from the slug tests conducted at the two individual wells (table 7) .
In many cases, the values of hydraulic conductivity derived from aquifer testing and slug testing are higher than the values obtained from calibration of the digital model (table 7) . These higher values represent the hydraulic conductivity in several small areas, whereas the conductivity values used in the model represent the net effect of areas of high and low conductivity in the heterogeneous rocks. The aquifer tests all were conducted using recovery wells in the pump-and-treat system, which was designed to include wells from which the greatest amounts of water could be extracted--that is, wells for which slug testing had indicated high hydraulic conductivities. The median hydraulic conductivity (estimated from slug-test results) in areas near wells used in the aquifer tests is 47 ft/d, whereas the mean hydraulic conductivity in areas near all wells open to parts of the aquifer formed by rocks of the Lockatong Formation at the NAWC (also estimated from slug-test results) is 3.2 ft/d (Lewis-Brown and Rice, 2002) . Consequently, conductivity values derived from aquifer and slug testing in areas near the pump-and-treat recovery wells are expected to be higher than those in the model and are consistent with previous results. 
Longitudinal Dispersivity and Effective Porosity
Tracer tests can be used to determine solute-transport properties (longitudinal dispersivity and effective porosity) of an aquifer. Velocity is inversely and linearly related to effective porosity; therefore, if the volumetric flux of water is held constant, and the effective porosity is doubled, velocity is halved.
Tracer tests were planned for four pairs of wells at the NAWC site. The 41BR/53BR pair was not tested, however, because well 53BR overflowed when water was injected, even at an extremely low rate (0.3 gal/min).
Field Methods
Doublet tracer tests were conducted at three well pairs. This type of tracer test involves creating a stable flow field with injection of water into one well and withdrawal of water from a second well at the same rate as the injection. The withdrawal and injection rate for each tracer test is listed in table 8. After a steady-state flow field is established, the tracer is injected as nearly instantaneously as possible and water samples are collected from the withdrawal well to monitor the arrival time and concentration of the tracer. Doublet tests were conducted rather than single-well tests because they take less time, allow more control of the tracer flow path and concentration, and allow for continuation of the pump-and-treat operation during the tracer testing. Bromide was used as the tracer because it is nontoxic, conservative (not biodegradable and does not sorb to aquifer material), present in very low concentrations (<0.35 mg/L) in the native ground water, easy to detect, and inexpensive to measure with an ion-selective electrode.
Before each tracer test was begun, injection of tap water was begun at the injection well and withdrawal of water was begun at the withdrawal well at a rate equal to the injection rate. After the water level in both wells had stabilized, water samples were collected from each withdrawal well to obtain background bromide concentrations in the water withdrawn from the aquifer (0.343, 0.279, and 0.174 mg/L at withdrawal wells BRP2, 15BR, and 16BR, respectively). The tracer test was then initiated by substituting water containing bromide at a concentration of about 1,000 mg/L for the tap water. The tracer was pumped into the injection well at a constant injection rate equal to the pumping rate from the withdrawal well (3.5 gal/min, 5.0 gal/min, and 1.4 gal/min from wells BRP2, 15BR, and 16BR, respectively). Injection and withdrawal rates were held constant during each test. The injection flow rate was monitored using a flow meter near the well head and controlled by means of an inline valve.
During each tracer test, pumps in other recovery wells that are part of the pump-and-treat system at the site were either turned off or maintained at constant pumping rates for the duration of the test. Pumps in wells that could have interfered with flow paths at the test site were turned off; others were kept at a constant pumping rate. The pumping rates of all pumped wells were monitored during the tracer tests to ensure that they were constant. The pumping rate at each recovery well during each test is listed in table 9. [Pumping rates listed in this table are for additional wells being pumped during tracer tests to maintain operation of the pumpand-treat system at the Naval Air Warfare Center; WW, well used as withdrawal well during the given tracer test; IW, well used as injection well during the given tracer test]
Recovery well

Bedding unit (Lacombe, 2000)
Pumping rate (gallons per minute)
BRP2-20BR tracer test
15BR-BRP3 tracer test 16BR-41BR tracer test
Water at the withdrawal wells was sampled at preset time intervals using two alternating automatic samplers connected to the discharge line by a pipe "T". Preset time intervals ranged from 3 minutes near the beginning of a test to about 24 hours during the last days of each test. The samples were transferred in the field from the automatic-sampler bottles to polyethylene bottles. The automatic-sampler bottles were rinsed with deionized water in the field after they were emptied and before the next set of samples was collected. The samples were analyzed at the USGS New Jersey Water Science Center laboratory using a calibrated bromide-selective electrode.
The mass of bromide injected during each test was determined on the basis of four limiting factors: (1) Sufficient mass must be injected to yield measurable concentrations at the withdrawal well. This mass was estimated using the analytical solution of Welty and Gelhar (1994) for a doublet test in isotropic, homogeneous porous media. The analytical solution requires estimates of the very parameters measured with the tracer tests, longitudinal dispersivity and effective porosity. Therefore, values of these parameters determined at a nearby site (Carleton and others, 1999) were used for the calculations (effective porosity equal to 0.001 and a range of longitudinal-dispersivity values from 3 to 66 ft). A detailed description of techniques and equations used to estimate the mass required for input and to analyze the results is given by Carleton and others (1999) . (2) Sufficient mass must be injected such that the peak concentration in the withdrawal well is at least 3 mg/L so as to provide adequate resolution on a graph of bromide concentration as a function of time. (3) The density of the injection solution must be low enough to prevent gravity-induced flow from significantly affecting the results; therefore, the concentration of the injection fluid was kept below 10 g/L, as suggested by Becker and Shapiro (2000) . (4) The minimum possible mass that satisfied the above three requirements regarding the mass and concentration of bromide was used to minimize the injection time, because the theoretical injection time is instantaneous. Carleton and others (1999) found that approximately a five-fold increase over the mass estimated from the analytical solution was required, probably because actual field conditions depart from the assumptions in the solution (including homogeneous porous media, no diffusion into the rock matrix, and instantaneous input of tracer). On the basis of the analytical solution and the five-fold increase, the appropriate mass of injected bromide for the first test, the BRP2-20BR well pair, was determined to be 300 g. Because the measured peak bromide concentration during the first test was still lower than ideal, the masses for the next two tests were increased to more than five times the calculated value. The masses injected for the 15BR-BRP3 and 16BR-41BR well pairs were 471 and 656 g, respectively.
Analysis Methods
The longitudinal dispersivity and effective porosity of the tested volumes of the fractured-rock aquifer were estimated using the observed bromide-concentration data from each of the three tracer tests and the analytical solution described by Welty and Gelhar (1994) and Carleton and others (1999) . Background bromide concentrations (0.343, 0.279, and 0.174 mg/L at withdrawal wells BRP2, 15BR, and 16BR, respectively), as determined by analyzing water samples collected before the bromide was injected, were subtracted from the observed concentrations.
Observed data from each test were plotted as dimensionless bromide concentration (measured concentration divided by total mass injected) as a function of time and overlaid on multiple plots from the analytical solution. The plots from the analytical solution were generated with all parameters fixed except dispersivity. The analytical-solution plot whose rising limb best approximated the shape of the rising limb of the plots of observed concentration data indicated the estimated dispersivity of the aquifer in the areas around the injection and withdrawal wells. Observed bromide-concentration data and the analytical-solution plots for the three tests are shown in figures 9 through 11.
Although the match between the observed-data plots and the analytical-solution plots was good for the rising limb into the peak, the falling limbs were not well matched. In all cases, the falling limbs of the analytical-solution plots were substantially below those of the observed-data plots. The falling limbs of the observed-data plots probably match those of the analytical-solution plots poorly because the analytical solution is based on assumptions that are not strictly valid for the fracturedrock aquifer: that the aquifer is homogeneous and isotropic and that the tracer is not retarded by the formation. The processes of heterogeneous flow and matrix diffusion, both of which contradict the assumptions and affect solute transport, probably occur in the aquifer. For purposes of analyzing the small-scale aquifer tests described earlier, however, in which solute-transport properties are not measured, the aquifer can be assumed to be homogeneous and isotropic over the small volumes of aquifer affected by those tests.
It is unknown which process (heterogeneous flow or matrix diffusion) is dominant in causing the offset of the observed-data plots from the analytical-solution plots. If diffusion of the bromide into and out of dead-end fractures and pores in the rock matrix is the dominant process causing the tailing of the falling limb, then the dispersivity estimates would produce reliable results when used in simulations of advective flow. If variable advective transport of the bromide in the heterogeneous fractured rock is the dominant process, as described by Becker and Shapiro (2003) , the dispersivity estimates are questionable. Because the process causing the departure from the homogeneous, isotropic model has not been identified, the dispersivity estimates obtained from the tracer tests conducted in this study are questionable and cannot be used reliably in models simulating advective flow.
The effective porosity of the aquifer was estimated from the observed bromide-concentration data by solving the equation from Welty and Gelhar (1994) . The effective-porosity estimates obtained from the tracer tests conducted in this study are considered to be more reliable than the dispersivity estimates. Effective porosity is determined from the time of arrival of peak bromide concentration, which is not affected substantially by diffusion into the rock matrix or the variable advective transport of the bromide in the heterogeneous fractured rocks.
Estimated Values
The estimates of longitudinal dispersivity and effective porosity obtained from analysis of the data from the three tracer tests conducted at the NAWC are presented in table 10. Because all three tests were conducted at the NAWC, they cannot be assumed to be representative of the fractured-rock aquifer in other areas underlain by the Lockatong Formation.
The tracer-test data indicate that both the longitudinal dispersivity and the effective porosity of shallow rocks (less than about 45 ft below land surface) are greater than those of deeper rocks. The estimated longitudinal dispersivities of the shallow and deep rocks are 7 and 4 ft, respectively; the estimated porosities of the shallow and deep rocks are 0.002 and 0.0003, respectively (table 10). The shallow rocks are more porous than the deeper rocks, probably because the degree of weathering and fracturing is greater in the shallow rocks. 
Simulated Advective Transport of Contaminated Ground Water
Ground-water flow at the NAWC under conditions in which no wells are pumped at the NAWC and in two different pumping scenarios was simulated using an existing model of steady-state ground-water flow at the site (Lewis-Brown and Rice, 2002). The modeled area extends beyond the NAWC to include streams to which ground water from the NAWC may flow ( fig. 1) . The model grid is variably spaced, with small (25-to 50-ft-wide) cells in the area representing the NAWC and larger cells near the model borders ( fig. 12) . The MODFLOW code (Harbaugh and others, 2000) was used for the simulation. Travel time, velocity, and discharge points of contaminated ground water were computed using the particle-tracking postprocessor MODPATH (Pollock, 1994) and the effective-porosity values determined in this study. 
Travel Time and Velocity under Ambient Conditions
Travel time and velocity of contaminated ground water under ambient conditions (with no wells being pumped at the NAWC) were estimated by computing ground-water flow paths from each contaminated well to the stream where the water exits the ground-water system. Only advective flow is simulated with the model; the effects of density, dispersion, diffusion, dilution, and degradation of contaminants are not simulated. Therefore, it is not possible to determine with the model whether water from each contaminated well remains contaminated along its entire flow path. One particle was placed in the center of each model cell containing a contaminated well. Most (40) of the 58 model cells containing contaminated wells are 25 x 25 ft in area; 17 are 25 x 50 ft; and 1 is 50 x 50 ft. One point at the center of these small cells was considered to be an adequate representation of the volume of water at and near the well location. For purposes of this report, a well is contaminated if any sample collected from the well contained TCE, DCE, or VC in concentrations greater than the New Jersey maximum contaminant level The value of the effective porosity of the aquifer is a necessary component of the computation of travel time and velocity. In this study, the effective porosity was determined in three discrete parts of the aquifer. To rigorously determine travel times throughout the heterogeneous aquifer at the NAWC, it would be necessary to determine the effective porosity throughout the site by conducting at least two tracer tests in each of the 16 bedding units at the NAWC. Because conducting that many tests was beyond the scope of this phase of the investigation, tests were conducted in the areas of greatest concern, which were the two bedding units in which the highest levels of contamination have been detected. For purposes of estimating travel time using the MODPATH particle tracker, the effective porosity of the aquifer was assumed to be 0.002 in rocks less than 45 ft below land surface and 0.0003 in deeper rocks, on the basis of the findings listed in table 10, with a margin of uncertainty of about one order of magnitude. The estimates of travel time and velocity presented in table 12 include this margin of uncertainty.
If values of effective porosity are assumed to be low, the travel time of contaminated ground water from a contaminated well to the receiving stream is shorter than if values of effective porosity are assumed to be high (table 12) . Shorter travel times would result in a worst-case scenario for non-pumping remediation methods because less time would be available for processes such as dispersion, dilution, and degradation of contaminants to occur before the contaminated water reaches the stream. Short travel times would result in a best-case scenario, however, for the pump-and-treat remediation method currently being used at the NAWC, because the overall time required for clean-up would be shorter. Estimates of travel time computed from the ground-water-flow model, however, do not include the effects of density, dispersion, dilution, degradation, and, perhaps most importantly, diffusion of contaminants into and out of dead-end fractures in the rock matrix, a factor that may be at least as important as the velocity of the water in determining the effectiveness of remediation techniques. Table 11 . Well-construction and location data for selected wells at the Naval Air Warfare Center, West Trenton, New Jersey.
[USGS, U.S. Geological Survey; WZ, weathered zone; --, not determined; latitude and longitude, in degrees, minutes, and seconds, are referenced to the North American Datum of 1983; altitude is referenced to the North American Geologic formation Top Bottom Table 11 . Well-construction and location data for selected wells at the Naval Air Warfare Center, West Trenton, New Jersey--Continued. 
Discharge Points during Operation of Pump-and-Treat System
The effect on ground-water flow of a recent (July 2004) change to the configuration of recovery wells in the pump-andtreat system at the NAWC was evaluated using the existing ground-water-flow model. The wells pumped in the former and current networks (networks II and III) are listed in table 13.
Network II was changed to network III by adding well 56BR with a pumpage rate of 5 gal/min, and decreasing pumpage from well 15BR by the same amount. Well 56BR is near well 15BR but is deeper. The change was made to increase the amount of water pumped directly from the deeper, more contaminated part of the aquifer. Simulation results indicate that the change caused water in the areas of three deep wells (25BR, 38BR, and 56BR) to be captured by well 56BR instead of flowing upward to well 15BR. The simulated discharge point of ground water at and near each contaminated well when each of these networks is operating is shown in figure 14 and listed in table 14.
Simulation results also indicate that the change from recovery-well network II to network III resulted in the additional, unexpected effect that water in the vicinity of well 49BR is captured by well 22BR instead of well BRP2. In the area near well 49BR, the model apparently is very sensitive to changes in the pumpage scheme. Consequently, it is uncertain which recovery well captures flow from this area, although it is nearly certain that the flow is captured by one of the wells.
Suggestions for Additional Work
To determine more definitively the effectiveness of various configurations of recovery wells in the pump-and-treat system, it would be helpful to compute and illustrate the system's capture area in each bedding unit. To compute the capture areas accurately, the current ground-water-flow model could be refined to represent the distribution of hydraulic conductivity at the site with greater precision. The hydraulic conductivity of wells determined from slug testing (Lewis-Brown and Rice, 2002) could be used as a starting point in defining the distribution of conductivity; wells that have been installed since that testing and wells not available at that time also could be slug tested to obtain additional data points needed to improve the current understanding of the distribution of hydraulic conductivity.
A solute-transport model could be developed and used to obtain information about the transport and fate of contaminants under both pump-and-treat and non-pumping remediation methods. The model could be used to compute the decrease in contaminant concentrations resulting from dispersion, dilution, degradation, and diffusion along flow paths originating at the NAWC. Additional tracer tests aimed at defining more rigorously the distribution of effective porosity and longitudinal dispersivity at the NAWC would be helpful in developing the solute-transport model. 1 Well 15BR pumped at 15 gal/min, 20BR at 8.5 gal/min, 22BR at 4.4 gal/min, 45 BR at 5.1 gal/min, 48BR at 13.5 gal/min, and BRP2 at 10 gal/min 2 Well 15BR pumped at 10 gal/min, 20BR at 8.5 gal/min, 22BR at 4.4 gal/min, 45 BR at 5.1 gal/min, 48BR at 13.5 gal/min, 56BR at 5 gal/min, and BRP2 at 10 gal/min 
Summary and Conclusions
Volatile organic compounds, predominantly trichloroethylene and its degradation products, have been detected in ground water in the fractured-rock aquifer at the Naval Air Warfare Center (NAWC), West Trenton, N.J. The U.S. Geological Survey (USGS), in cooperation with the U.S. Department of the Navy, has conducted an 11-year multiphase hydrogeologic investigation of the NAWC. The purpose of this phase of the investigation was to (1) estimate hydraulic and solute-transport properties of the aquifer, (2) estimate the velocity and travel time of contaminated ground water if the existing pump-andtreat system were replaced by a non-pumping remediation technique, and (3) evaluate the effect on ground-water flow of a change to the configuration of the network of recovery wells in the pump-and-treat system at the NAWC.
Hydraulic properties of the fractured-rock aquifer in the Lockatong Formation at the NAWC were measured using five aquifer tests and three tracer tests. The heterogeneous nature of the formation causes a wide range in values of each parameter. Transmissivity ranges from 95 to 1,300 ft 2 /d, storage coefficient from 9 x 10 -5 to 5 x 10 -3 , effective porosity from 0.0003 to 0.002, and longitudinal dispersivity from 4 to 7 ft. All of these values represent conditions at the NAWC and are not necessarily representative of other areas underlain by the Lockatong Formation. In addition, the validity of the longitudinal-dispersivity values is uncertain because the analytical-solution method used to determine them is based partly on the assumption that the tested aquifer is homogeneous and isotropic--an assumption that is not strictly valid for solute transport in the fractured-rock aquifer.
The velocity and travel time of ground water along flow paths from each contaminated well to the stream where the water eventually discharges under non-pumping conditions were computed using the effective-porosity values obtained from the tracer tests, an existing ground-water-flow model, and particle-tracking techniques. The wide range of estimated velocities (0.08 to 130 ft/d) is a result of the heterogeneity of the aquifer.
A pump-and-treat system consisting of a network of six recovery wells and an air-stripping treatment system has been in operation at the NAWC since 1998. The existing groundwater-flow model and particle-tracking techniques were used to estimate the effect on ground-water flow of changing the network by pumping an additional deep (165 ft deep) well at a rate of 5 gal/min while decreasing pumpage from a nearby shallower (41 ft deep) well by the same amount. Simulation results indicate that the change caused water in the areas around three deep contaminated wells to be captured by the new deep recovery well rather than flowing upward to the shallower well.
